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I;.Introduction
Phèse mè5( coronagfdphy is d tecnnrqùe drmrlg èl ac(ormooaling both high dylqmç ind llg ?rlgurôr
rBolrhon rmdqing ol la d sou(e arcurd bilol'l obræts (ror lhe optcl schse, ffi Frg. l). ln the fràmework
oi the vlT-Planet Frrde'SP{LRÊ deveropmenf5. we preæ1r Mo novei rethods for àahrcmabzing the FoLf
Quad€nt Phàe l.4ask co:onagraph l-Opl4 | I-31). aild è new phase mask coronàgraph rmplemenred with
opumi/eo spèce-vanê1t subwavelength Srrrlà.e{erel gratjngs nnucing à se(ond o.der oolEàl vorle{: tl-e
Annuièr 6rode Phâse Mask (AGPM) coronagraph is fully syfimetric àtd:freé:frcfi âny lshaded ænes".
IV. ZOGs as Achromatic Phase Shifters
The ZOG dsrgn procedure consists in optimizing the n phase shift quality within a given spectral Enge
for a well{hosen fraterial. lt also requir6 the equalization of thé inteiering fluxes, wl-.ch is diffrult to
acnieve. The menc fun@on to be minrmi?ed 6 Ére null depti N(À).Îhe làtter measures the oôrkngs of the
oestru(Lve irtederence takirg place n the puptl plane foriow;ng the pna{ mask @ronàgraph focal plône ànd i:




A well adaptæ str(lJre consrff tn u ,*ængr.r, orofie g,uong aou"ro r,t àn AR layer l2l. Tre ZOG rcblion
cdn àc(omMale a large variety of màterials and wavelength rônges b{rt w€ hive fGussed ff Diarund,
ZnSe and çZOG' lor the b and K bands. RCWA [3] rsutg are displàyed in Fig, 5, showing qceilèût null depths
aFund 10-'fo. individuâl filteE and better than 10'3 for both of them simultan@usly.
IL Achromatic FQPM with halfwave plates:
white light laboratory results
We recenlly reported l3l laborètory res!lts on white light tests of a FQPII implemented with achromâtjc Quarh-
iqgF,waveplâtes:aconh'âstof10 wasobtanedat2.5À/dbetween500and900nm(seeFig.3).Despltethe
difflc! ty of cutting, poLishing and assemb ing the different p ates into à FQPI'I (Fiq. 2), these results led us to
consider this technique for the VLT-Planet Finder/SPHERE w debènd èchromatic coronà9raph. In this work, we
have indeed demonstrÀted the feasibl ity of the FQPlvl coronagraph achromatization by meàns of birefr ngent
elements, paving the way tovvard more conrplex solution invoivrng s!bwavelength gratings. The halfwave plates
(HWP) technique was proved more convenient both to nranufacture and to mplement than the dispersrve
achromali2alron such as the drspeEive plate concept. Ths concusion comes directy ffom the fact that the
fufdàmenta conskarntonthethicknesscontrol sreaxedbyafactorcomparabletotheratiobetweefmateila
rfdices and brefringences (often 10'). On the other hand, blrefrinqences mlst be known at a very good
precis on as we as the r varrations with temperaiure (Fig. 3)
LI FQ.PM L2 L-S L3 D
Fig.1 Commff côronaqfaphlc optcal schenre shown here n thè FQPM.ase: Lt, L: and Ll afe th.ee enses n the optcal systÉm. Ll
pfoMdes a arç€ /drano on the corln.lraoh; L2 irfages thÉ pupil in the se.ôôd pane. The Lyot Stcp (L-S) sùpp.ess.s lh€ dffiàcted
5Ëdrqht, and i f a y Ll f or ms th€ cô.ônàqrèphrc mage on the cetectof D.
Fig-2Theæhroôalcphasemastassembv holeolSmmrfdiâôe(êr Thèf.ùl
Qladz pates arÊ assembr€d on oôe sne.ôd the fôlr reman.g MqF2 pales on lhe olher o.e The n phêse shil belween adJacenl
qùâdrânts iprovrdêdbyrorârnglhel:slarsollvrôqrrdrâ.lstâ.Lsâo.-.ônedagôn:lby90deqreesaroundtherformas Eêchoalhe€
ndrv'dualplaresispôlshedlirl0PTVats5Cfnrlr.Jcul!âr:le rôtheôDlc. arswthâmrcrometcp.€cson Th€edgeprlrlslsm
curngerorwrhrespecttoea.hplârèf:sùs.w:rs sb.ô!30arcsec. Âllp.(eserea.l{elætoncoâledlorlhè.ôns'dêrêdbândwidlh
leftec[!ily <1]l) We lhen 3ssÉmbed lFe eghr prlès wlh a high pre.,non (.10 trm) while respeclng orenlôlôns, aLgnmenls ând
coptanârrv1<t0arcmn)f.rrherwôsr:qesThsr.slrelealedLob€p'.cr.ël!dlicllr:ndlônq(o*hl€velvrthrnlhespecnca(ofs
orot e ror 50C 900.m bolôpcss oùâtuMgF"âchion\âlcrwPFOPMlofYJHK
Fig.5H/K-band/oGnllldepths(lôganthmcscale)v€r5uswàve€nqth.Lefr(N)andmddLe(K):theconrnuouscurve sfo.thêDêmond rÉ
AR.oàtedZCG Thedâshedclrre,ao.rhe:-5e/4ÀR.oàtedo.e ÊLghtr! cônSO,ÂÂcontedZOGiorHrndIbd.r
Fiq. 6 Left: FQ PM:nt symmetrL.al mp€m€nt.non or 2OG5i 4QZOG. Rlçhti.on.enkrc space'varant !morementaroô ot ZOG5r AGPM
V, Coronagraphic Implementation
4!22!Xi:the four gràtrngs engràved on a unique substrale are strictly identical and implemented in the following
way: two of them n two quadrants aong one diâgonai are rotàted by 90 degrees afound lheir normals wlh
respect to the two others. This afti-symmetrical conflguration achieves the FQ-PM particul:r focal plane n-phàse
d stribution (Fig. 6).
4!i2L!!Tie idea of lhe AGPf'1 coronaqrèph was to suppfess the "shaded zones resulting for the quadrant
transitons of the 4QZOG. The concentnc groovG of the AGPI1 coronagfaph âre in fact what is called a space-
variant subwèvelength gralinq (Fig. 6). At the center of the components, the phase possesses a screw disiæation
indlcrng a phase s ngularity, i.e. an optical vortex. The central singllarity forces the intensity to vanish by a total
destructive interference/ creating a dârk core. Whether a dark core is created in the pupil or focai plane of a
telescope will determine the wây it further evoives. In this poster, we propose to plàce the optical vortex in the
focal plane, fllter in the relôyed pupil plàne and make the detedion in a flnal image plane [5]. This solution is much
nrore attractrve (inflnite re](tion, achromaticity) tha0 a monochromahc pupil plane vortq [6].I
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Fig.3 Leil expênhêilâi ênd lheoreùca .oron.lraphc Frolles thÉ gJev so'd cl'!e s lhe expennen{al PSF ior lhe 50C 900 nm
b.ndpâss The lolôl erpôsure tùr€ fôr {ne PSF is 60 . The conrnuols bæk ife sbows the coronaqrapc profie ôblarfed lvilh our
eh,ômaicw.vepl!lÉhâsk Thêdashed fepresenlslhecoronêqrophcsrnruialionresutslaki.grnloæcountlhewaveDatephase
resduas the defôcls ero. rhe spectra .espon5e oi rhe hrogen :mp and lh€ cêmera Fô..omparsôn Ihê dôlted ine prêsenls Ihe
smuaronrês!rsfor.monohroma[.n]askrred Botômrghr lhêôrèlcâlpêtrarnânc8{qôb:lnùl déplh)â.d
lempe.atxe sensr u\ fô, the op0m:ed YJiIK h: lrr!È Flo{e FOPM .on.epr lor SPHERE
T.ble 1. 3-stâ9e modellng results (1 Rila sbge where
th€ form bkeirngence of the local gratinq 6 catulated, l
Analyticèi teatmeot qvinq the spatal distibutioô of the
ôutpur palarizaton fieLd, 3- Scdar fatrf,eld propaqation
Founer corônagràphic code wù àssùmed wàvefront
qqalitier ofÀ/70 rms at 632.8 nm).
Fis. 7 K-bând coronàçrèphc 
"n",y.,.. 
L.r p.n"', .; o,,frii;ff,ililii#*", o
rô.al p a.e phase vsla sahon (after the AGPNI), c) É ayed pupil plàne, whêre @
.ôù.e the pedect symm€Ùy oi the relecno. n an annlrar wây, d) lrai
corô.agraph'c mâge revealing the 15 hag fainter srmllated compànôn. All
nraçes afe drspayed n nôn [neâr 3.ale. Right: Cofonagrâphc prof e of the
IQZOG and aGPM.
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III. Subwavelength Gratings / ZOGs
When the period of the grating is sffallet than the wàvelength of the incid€nt light, it does not diffract
as a classicàl spedaroscopc grating. Ai the incident energy s enforced to propagate only in the zeroth order,
leavrng inc dent waveffonts free from any Further aberrat ons Subwavelength gratings are therefore often called
Zeroth order Gratngs (zocs). This type of gratings behaves lke homogeneous media wrth unrqu€
characteristics (e.9. adrficial anisotropy). The key poinl is lhal by cafefully controlling the grating geometry
(vla the gratinq parameters, see Fig. 4), one may àdjust the oplicêl refractive propedies. To be more precse,
the slructure's form brefrnqence can be tlned in ofder to indlce ân achromêtic phêse shift betlveen the
polarizâton components TE ànd Tl4 [2].
Fig,4206echÈlrafcpre5enrn!tfemanpaÊmerersoithÊqr3rn! trrè!f3rr\!?ector K -2n/^,perpÊ.d.uartothegratn! nes,(th^
tfepenod,th.gratnqdÈûtfhà.drheso.calle.iflnçfactorF sù.ht-atFrrsthevudtholtheqràtn9ndges.rEà.dTPla.!thevè.tôaal
odhoqonalpaarzatôn.ûnipôn.nsofrh.i-rn.cent qrf n andn r,:rh€,efaa\. ndic€soithe n.dênra.dùa.sùtnqm.dLâi
retpectletn,andn:aretherei.tvêra.e5.fth€!.atiqEÈi(r.ouf.r!Ê,n=.ra.di-=nrir).
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VI. Conclusions and prototyping Èiospeèts
ln th s posls, we hÉve p6enLed two novel êchrffitrzàbon mthoos for the fQPM coronagràph: ûre lè{wiyeplàte technique and the subwavelength grabng t(hnology. We hee alsintioduced a bcnd ns piàæ iEsk
coronaqÊph: th€ Annular Græve Phaæ Nlask is inhsently quasl achromahi ljer{ts to dtè ù* of optimized.zocs
and also supprss the "shaded zones'of the FQPM allowing a full discdery spèce ànd the absce of 'artefacts
in extended ob€t iroging (e.9. clrcumsteilar d'sks). Tfie two ieJhnrqus apped compimentary !ræ thé HWP-
FQFI4 ctrcept offe6 extremely wideband cpèbilrtis (R,=2) ;! !lr9 cost of stàbil'ty (deli@te bqlky rcunting,
Lemæratdie ænsrbvrty,..) ênd dscovery spèce (fQpM aeaa lms à( ùÊ transiùon) whil€ ùKi sbwàteldgthgÊLing slul.ion rs ân integratèd one (vèry compàct, liqhbreight ând *ablè) offeri4 tàluaHe ædaùmtna6 Cfable
l) àqd provid6 Lhe Do$ibiIV of manufæùnr4 the AGP|4, èlEuàûng de of the môst anmtlng Achrllëhæl of the
.Qol4 corondgrôDn (Fig, 7), Thèe consideræions hôs kd us to consider tle mènufàcturing of Silicon-based
àrd AGPM prctorype In (o{laboÉùon wilh CËA-LETI ànd IAOG while pursing LIE devdoFnenls of the HWP+-QPM
:];.iÈ
i:*//ltffi+Y
ri![tuatoire
